Using time-dependent numerical simulations, I have investigated the observational consequences of highly asymmetric heating in small transition-region loops. The simulations show that, to an observer looking down on the loop, the plasma at C iv-emitting temperatures will appear to be redshifted, as is seen on the Sun. The temperature maximum is located at roughly the position of the localized heating. Because of this highly asymmetric location, there will be some cutoff temperature above which the redshifted emission will be replaced by only blueshifted emission. This asymmetric location also results in a variation with temperature of the line widths that is much like that observed in the quiet Sun. These calculations show that the observation of a blueshifted emission line in the upper transition region of the Sun or other late-type stars may not be evidence for the initial acceleration of the solar wind, but rather just part of a closed circulation system.
I. INTRODUCTION
A well-observed feature in the UV spectral lines from the material in the solar transition region at temperatures near 10 5 K is Doppler-shifted emission. In the quiet Sun the emission lines are predominately redshifted, with velocities in the C iv emission lines of 6-17 km s -1 (e.g., Mariska 1986 ). These redshifts are present in emission lines with temperatures of formation up to 2 x 10 5 K, but are absent in the O v 1218 Â line, which is formed at 2.5 x 10 5 K (Doschek, Feldman, and Bohlin 1976) .
There are basically two explanations for these Doppler shifts. Either we are seeing plasma that is cooling after being impulsively ejected into the corona by, for example, spicules (e.g., Athay 1984), or we are seeing a steady end-to-end flow in a loop . While the mass conservation arguments for the spicule model are compelling, numerical simulations have been unable to reproduce the observed velocities or the temporal behavior of the Doppler shifts for the cooling material .
Recent analyses by McClymont and Craig (1986, 1987) support the steady flow model. They found that, by localizing all of the energy necessary to maintain a small loop near one chromosphere-transition-region interface, the temperature and velocity structure would produce roughly the observed Doppler shifts at 10 5 K. Their calculations were somewhat idealized, however. They joined two separate steady state solutions at a single point where the localized energy deposition took place, resulting in a discontinuity in the temperature gradient. Moreover, their calculations did not include gravity.
In this paper, I show the results of a time-dependent numerical simulation that supports the results of McClymont and Craig (1986,1987) and further clarifies the observational signatures of these flows. From the temperature, density, and velocity distributions in the calculation, I compute UV emission-line profiles and Doppler shifts and show that the trends they exhibit are in reasonable agreement with observations. The calculations also predict blueshifted emission in higher temperature lines-a key observational test of the end-to-end flow models.
II. MODEL CALCULATIONS
To examine the observational consequences of the end-toend flow model, I have performed a number of numerical simulations of the response of a small transition-region loop to highly asymmetric heating. The calculations were performed with the Naval Research Laboratory's dynamic flux tube model . For the problem discussed here, this numerical model solves the equations for mass, momentum, and energy conservation in a single-fluid plasma as a function of time and position along a magnetic flux tube with a specified geometry.
The initial model consists of a semicircular flux tube of constant cross-sectional area with solid end walls and a total length of 13,000 km, which is divided into 300 computational cells of variable resolution. At each end of the flux tube is an idealized chromospheric region consisting of 1500 km of plasma initially in hydrostatic equilibrium at a temperature of 10,000 K. Above these base regions are transition regions and a corona, whose properties are found by solving the static force and energy balance equations. A spatially uniform energy deposition of 3.51 x 10" 4 ergs cm -3 s -1 maintains the initial atmosphere. The pressure at the base of each transition region is 0.1 dyn cm -2 . The solid line in the upper panel of Figure 1 shows the initial temperature distribution in the model. Note that these loops are quite small. The 13,000 km length of the semicircle corresponds to an 11" distance between footpoints when observed from above. Thus we are considering the small loops that may make up the individual emission patches of transition-region network (e.g., Mariska and Boris 1983) .
To evolve this initially static model atmosphere to a steady flow configuration, I localize the heating near the left chromosphere-transition-region interface. I do this by reducing the spatially uniform energy deposition to 1% of the initial value, while at the same time increasing the localized heating rate. This modification is done over a 300 s interval to minimize transient disturbances. At the end of the 300 s, the entire atmosphere is still heated with a spatially uniform energy deposition of 1 % of the initial value. In addition to this background heating, there is now an area of localized energy deposition concentrated into a region 90 km wide beginning 102 km above the base of the left transition region. The heating rate there is set by requiring that the volume integral of the heating rate over this narrow region be the same as the volume integral of the initial heating rate over the entire loop. This results in a local heating rate of 0.05 ergs cm~3 s~1. The model was then run for 2000 s to allow it to evolve to a new steady state.
The dashed line in the top panel of Figure 1 shows the temperature distribution in the model after this 2000 s period. As suggested by the calculations of McClymont and Craig (1986,1987) , the peak temperature has shifted to the position of the localized heating. The overall atmospheric structure is now significantly altered from that found in uniformly heated models. There is now a steep temperature gradient on the heated side of the loop and a relatively shallow temperature gradient on the unheated side.
The bottom panel of Figure 1 shows the velocity as a function of temperature after the model has evolved for 2000 s. The solid line is for the left side of the loop and the dashed line is for the right side. Thus, to an observer looking down on the loop, the velocities represented by the solid line would be upflows, while the velocities represented by the dashed line would be downflows. As suggested by the calculations of McClymont and Craig (1986, 1987) , the velocities of both the upflowing plasma and the downflowing plasma at 10 5 K are near 10 km s"
1 . Because of the shallower temperature gradient on the downflowing side of the loop, however, there should be more emission at 10 5 K on the downflowing side of the loop than on the upflowing side. This result is shown in Figure 2 , which plots the volume emission measure J N 2 e dV as a function of temperature in the loop. As with the velocity plot, the solid line represents the emission from plasma that would appear to be flowing up to an observer looking down from above, and the dashed line represents emission from plasma that would appear to be flowing down. It is apparent from the figure that for temperatures of less than about 160,000 K the downflowing component of the emission will dominate. At 10 5 K, the downflowing emission will be about a factor of 4 brighter than the upflowing emission to an observer looking down on the loop from above.
in. DISCUSSION
The velocity and emission measure plots in Figures 1 and 2 suggest some other important features of these flows. Examination of the high-temperature ends of the velocity and emission measure plots shows that there is a small range of temperatures near the maximum temperature for which an observer looking down on the loop would only see upflowing plasma. This is due to the highly asymmetric location of the temperature maximum. In a steady end-to-end flow with the temperature maximum located a substantial distance from the center of the loop there must be some range of temperatures near the temperature maximum for which all of the plasma in that range lies to one side of the center of the loop. Thus an observer looking down on the loop would only see blueshifted emission from that temperature range. In the model shown in the figures, this range begins at about 220,000 K.
A second important feature of these flows is the change in relative intensity between the upflowing side and the downflowing side of the loop. The emission measure plot shows that, as the temperature approaches the peak value in the loop, the contrast between the emission from upflowing plasma and downflowing plasma decreases. In these calculations the upflowing plasma and the downflowing plasma have roughly the same emission measure at about 180,000 K, and at higher temperatures the upflowing component is brighter-eventually becoming the only component of the emission.
This variation of the contrast between the two components of the emission shows that, for observations with a spatial resolution of only a few arcseconds, the observed Doppler shift of the center of the UV emission lines formed in this temperature range and the shape of the profiles should show a characteristic pattern as we examine lines of increasingly higher temperature of formation. For temperatures from 20,000 K to a little over 10 5 K, the downflowing component of the emission measure dominates and we should see the line profile Doppler shifted by the amount shown in the dashed velocity curve in the bottom panel of Figure 1 , adjusted for the geometric effects of the loop shape. Thus the measured redshifts should increase with increasing temperature until the temperature is slightly higher than 10 5 K. From about 1.2 x 10 5 K to about 1.6 x 10 5 K, the emission should still appear to be redshifted, but there should be an increasing emission component on the blue side of the line profile as the contrast between the redshifted and blueshifted emission decreases. This should be reflected primarily in an increasing width to the line profile and, possibly, departures from a Gaussian shape. Finally, above about 1.8 x 10 5 K, the blueshifted component should dominate and, as the relative contribution of the redshifted emission decreases, the profile should become narrower, develop an asymmetry on the red side, and eventually return to a Gaussian shape. For observations with spatial resolution near 1", the observed profiles would be nar-492 MARISKA Vol. 334 rower, but would show intensity variations from point to point as the instrument scanned over the two sides of the loop.
To verify this picture, I have calculated the line profiles expected from the model atmosphere at the end of the calculation for UV emission lines of O m, O iv, O v, O vi, and C iv. These calculations assume ionization equilibrium and use the excitation rates given in Mariska et al (1982) . Table 1 shows the results. Here I have listed for each line the temperature of formation, the Doppler shift of the center of the line, and the full width at half-maximum of the line. Positive velocities in the table are downflows.
The line profiles behave as expected from the flow and emission measure graphs. The O in profile is narrow and shows a relatively small redshift. The C iv profile has a larger redshift, is broader, and shows some blue-wing asymmetry. The O iv profile shows a smaller redshift, increased broadening, and increased emission in the red wing of the line. The O v line profile shows a blueshift, is broad, and has some red-wing asymmetry. Finally, the O vi line profile is blueshifted, narrow, and shows only minor excess emission on the red wing.
It is interesting to note that the widths of the line profiles are not much smaller than those observed in the quiet Sun. For example, Mariska, Feldman, and Doschek (1978) measured an average width in the O iv 1401 Â line of 0.20 Â, compared with a value of 0.17 Â in the table. The widths in the table do not include any microturbulent broadening-they are simply the result of the integration over all the emitting elements in a single loop. Moreover, the trend in the line width with temperature is the same as that seen in the quiet Sun (e.g., Mariska 1986) . Thus it appears that collections of small, unresolved loops with end-to-end flows might explain not only the redshifts, but could also account for the observed variation of the nonthermal broadening with temperature-a longstanding problem in transition-region physics.
It is clear from the table, however, that this calculation does not provide a perfect match to the observed behavior of the transition-region UV emission lines. The observations show that the O v 1218 Â line has little or no Doppler shift, while these calculations produce a substantial blueshift. The trends shown by the Doppler shifts and line widths are, however, correct in the temperature range for which there is observational data. These calculations thus make a clear prediction that may help to establish the nature of the flows seen in the transition region. For lines with temperatures of formation above those of O v, high-spectral-resolution observations of the quiet Sun should show a preponderance of blueshifted line profiles.
The evolved model atmosphere also has too low a pressure to reproduce the absolute values of the line fluxes observed in the transition region. This problem was also noted by McClymont and Craig (1986, 1987) . Further studies of small loops subjected to highly asymmetric heating will be necessary to clarify this problem and determine the exact set of parameters that will reproduce the observed trends in Doppler shift with temperature. It is clear from the work of McClymont and Craig (1987) that the loops must be small and that the location of the energy deposition is critical for determining whether the atmospheric structure assumes the form shown by the evolved temperature distribution in Figure 1 , resulting in flow velocities of the right magnitude. My simulations confirm their calculations of this sensitivity to location. In a time-dependent hydrodynamic simulation it is also possible to examine the sensitivity of the atmospheric structure and dynamics to variations in the size of the region over which the energy is localized. Clearly, if the energy is localized over too large a region, the atmospheric structure will not depart significantly from that of the initial, uniformly heated model.
To examine this question, I have performed the simulation described earlier with different widths for the region in which the energy deposition is located. As one might expect, the calculations with increasing widths behave much like models with all of the localized heating placed at the center of the wider heated region. As the width increases, the peak temperature on the heated side of the loop increases and moves toward the center of the loop. The shape of the graph of velocity as a function of temperature remains the same as that shown in the bottom panel of Figure 1 . Both the peak velocity and the downflow velocity at 10 5 K decrease as the width of the heated region increases. For widths up to about 300 km, the character of the temperature and velocity structure of the resulting atmosphere changes very little from that shown in Figure 1 . By the time the width of the energy deposition region has increased to about 600 km, however, the downflow velocity at 10 5 K is down to roughly 7 km s -1 . A width of 2400 km yields a velocity at 10 5 K of only 3 km s 1 . These changes in velocity will, of course, result in smaller redshifts in emission lines formed near 10 5 K and reduced amounts of line broadening-further widening the differences between the predictions of the simulations and observations. Because the shape of the velocity as a function of temperature is maintained, the trend of increasing broadening with increasing temperature will continue to be present in much of the transition region. These calculations thus show that the region of localized heating must not only be located close to one chromosphere-transition-region interface, but must also be relatively narrow. For a loop with a total length in the transition region and corona of 10,000 km, the width must be 300 km or less.
All of the models discussed here were produced by evolving a uniformly heated loop model to a locally heated loop model. The total integrated heating rate was not changed significantly There are of course other possible methods for producing these loops. One could, for example, begin with an isothermal loop of the same size as the ones studied here, but at a temperature of 10,000 K, where the numerical model used here has no radiation. The localized heating could then be raised slowly to the desired value as has been done for some uniformly heated models (e.g., Mariska et al. 1982) . Because of the necessity of knowing in advance where to place the highly resolved portion of the computational grid, this is a more challenging numerical simulation. It is not yet clear whether this kind of approach would produce the same final atmospheric structure or not. I am continuing calculations of this type in an effort to address The fact that the flow must be driven by energy deposition that is confined to a narrow region very close to one footpoint of the loop also places limits on the nature of any acceptable heating mechanism. The heating it generates must be highly localized. Any heating mechanism that deposits its energy over substantial fractions of the loop length will not produce the high-speed flows seen in the observations. In fact, the requirement that the energy be deposited very close to one footpoint of the loop suggests that the other explanation for the flowsimpulsive upflow followed by cooling and steady downflow may just be one extreme of the same heating mechanism. Energy impulsively deposited slightly below, rather than slightly above, the base of the transition region would produce spicule-like ejections into the loop.
ASYMMETRIC HEATING
Finally, it is important to bear in mind that these calculations also apply to observations of other cool stars. UV observations of late-type stars show redshifted emission similar to that seen on the Sun (Ayres ei al 1983; Ayres, Jensen, and Engvold 1988) . The trends in those observations are similar to those seen in the quiet solar transition region. Thus, for both the Sun and for other late-type stars, the observation of blueshifted emission in spectral lines formed at temperatures above 10 5 K may not indicate the beginning of a wind, but rather might simply be evidence for a closed circulation system in the outer layers of the atmosphere.
